We compare quantitatively two experimental situations concerning injection of a miscible fluid into an initially jammed granular medium saturated with the same fluid, confined in a Hele-Shaw cell. The two experiments are identical, apart from the interstitial and injected fluid, which is in one case air injected into a dry granular packing, and in the other case silicone oil injected into a dense suspension. In spite of the strong differences regarding the nature of the two fluids, strikingly similar dynamical and geometrical features are identified as functions of the control parameters: cell thickness and applied fluid injection pressure. In both cases an initial hydrodynamically driven decompaction process controls the unjamming and prepares the final displacement process characterized by fingerlike patterns empty of grains. The pattern shapes are comparable. In addition, the mobilities of the coupled fluid-grain flow, rescaled by the interstitial fluid viscosity and grain diameter squared, are of the same range and behave comparably. The mobility proves to depend on the initial solid fraction of the medium. Subtle differences are observed in geometrical aspects like the finger width with respect to the control parameters.
I. INTRODUCTION
The hydrodynamic instabilities and fingerlike patterns emerging as a less viscous fluid displaces a more viscous fluid in Hele-Shaw cell configurations ͓1͔ have been extensively studied and vastly documented for both Newtonian ͓2-5͔ and non-Newtonian fluids ͓6-11͔. Another flow situation with a well-established physical description of its own is that of a fluid flow through a fixed porous medium ͓12͔. However, where these two systems merge, the miscible case of fluid injection into a deformable porous phase close to the jamming transition ͓13-18͔, the solid grains can behave as a conducting porous matrix, or can be suspended, forming an effective fluid. The transition between the two flow types has been studied during fluid injection into a loosely packed granular medium ͓19,20͔ or a dense granular suspension ͓21͔, and is similarly observed when a fluid is retracted through a granular matrix ͓22,23͔. The fluid displacement of grains by injection is an unstable process leading to the formation of fingerlike patterns ͓19,20,24,25͔, visually quite similar to those found for non-Newtonian fluids. Coupled fluid-grain flows and fluid-grain interactions, on which these processes rely, are rather poorly understood and their study is in its infancy. The case of bubbling instability in fluidized beds under gravity is perhaps the most studied issue related to this case ͓26-37͔. Nevertheless, for a very dense granular medium the situation is quite complex, essentially due to the nature of a granular material: it may act as a complex fluid and can jam at higher concentrations and become a solid porous matrix.
In practice, the problem addressed is an important issue since many industrial or geophysical applications rely on such an elementary process. Internal piping erosion due to flow concentration into tubular macropores during runoff may ultimately cause failure of soils in, e.g., dikes, embankments, and dams ͓38͔. In nature, this type of erosion may also trigger hill-slope instabilities ͓39,40͔, as well as sudden and potentially catastrophic drainage of the water contained in calderas ͓41͔, or in natural lakes formed after earthquakes.
In the present paper we present two experiments developed in parallel due to common interest in the following situation: injection of a fluid into a loosely consolidated granular packing with a solid fraction brought close to the random close packed ͑RCP͒ limit ͓42͔. We study the fluidization process of an initially jammed granular medium.
Two simple model realizations of the miscible injection problem are considered: the granular material, consisting of monodisperse polystyrene spheres, is confined in a horizontal Hele-Shaw cell, ensuring identical situations as far as geometry is concerned. The injection is made with either air into the initially densely packed and dry assembly of spheres, or by a silicone oil invading a dense suspension made with the same granular material and the same silicone oil as injected. At sufficiently high overpressures, the drag exerted by the permeating fluid over the weakly consolidated granular medium mobilizes the grains. The goal of this study is to classify and describe quantitatively the mobilization of the initially jammed granular medium and the patterns emerging during this fluidization process, and comparatively reveal similarities and differences due to the nature of the surrounding and injected fluid.
The paper is organized as follows. First, in Sec. II the experimental setup and the principle of the injection experi-ments are described. Then in Sec. III the aim is to characterize the evolution of the unjamming process of typical experiments: decompaction dynamics and its role on the subsequent selection of the pure fluid fingerlike patterns emerging in the dense matrix. The flow properties and geometrical features of these fingerlike patterns are discussed in Sec. IV, before we summarize and address final conclusions in Sec. V.
II. EXPERIMENTAL SETUP
The experiments are performed in a linear Hele-Shaw cell ͓1͔ as illustrated in Fig. 1 . A straight channel of rectangular section with a width W = 6 cm and a length of L =30 cm is cut out of a Mylar sheet of calibrated thickness. The cell thickness is b = 0.85, 1.15, 1.70, or 2.30 mm. The Mylar sheet is sandwiched between two thick glass plates acting as spacers and ensuring that three of the sides of the channel are impermeable. The end of the channel is left open and will be referred to as the outlet. Opposite to the outlet there is an injection point ͑ =7 mm͒ in the upper plate positioned 1 cm from the impermeable boundary, referred to as the inlet.
The granular medium in the cell is saturated with a given interstitial fluid as described in Secs. II A and II B. In this work, we consider two cases with clearly distinct fluids: air ͑compressible, viscosity air = 1.8ϫ 10 −5 Pa s͒, and silicone oil ͑incompressible, viscosity oil = 5.0ϫ 10 −3 Pa s͒. The space around the inlet is initially filled with the same fluid as the interstitial one. This space acts as a pressure chamber. At the beginning of the experiment, the fluid injection starts at a given injection pressure P i = ⌬P + P atm . ⌬P is the fluid overpressure with respect to atmospheric pressure P atm , at the outlet. ⌬P is applied by manually opening a valve. Opening the valve fully takes ϳ0.02 s. Thus, the pressure profile of the injection is close to a step function: after the onset, ⌬P is maintained constant throughout the experiment. The probed range of the applied ⌬P is between ϳ10 and ϳ200 mbars for the dense packing prepared by tapping.
Complementary to the comparative study involving two distinct fluids for otherwise similar conditions, we have performed experiments with an initially less dense packing of the granular material. In this case, the cell thickness is b = 0.70, 1.10, and 2.1 mm, and ⌬P is in the range ϳ2 to ϳ30 mbars.
To record the motion of the grains, images are obtained by reflection, with the use of a dark background to increase the contrast between the zones free of grains and the granular regions. The setup is illuminated from above using two 800 W halogen projectors, and images of 400ϫ 1600 pixels are acquired at a frequency of 500 images per second, using a Phantom V9 high-speed camera for the air-grain experiments, and for the oil-grain system a Prosilca EC1280 charge-coupled device ͑CCD͒ camera is used at a sample frequency of ten images per second, at a resolution of 1280ϫ 400 pixels.
A. Sample preparations: Air-grain system
The granular medium consists of spherical monodisperse polystyrene beads ͑Dynoseeds͒ with a diameter d =80Ϯ 3 m, and density grain = 1.05Ϯ 0.01 g cm −3 . To ensure a good reproducibility of the experiments, the following preparation stages were adopted to put the granular medium into place: the cell is placed vertically and the grains are introduced via the outlet. Once the proper quantity is introduced, a Mylar plate matching the width and height of the channel is inserted ϳ6 cm into the channel. This will prevent the grains from moving through the outlet during the sample preparation. The cell is then tilted upside down, which brings the granular medium against the Mylar plate, and frees space around the inlet. The granular material is further compacted by tapping the filled cell in a defined manner, which ultimately brings the packing into a dense initial state with solid fraction 0 = ͑62Ϯ 1͒%, found by weighing the grains and measuring the volume they occupy in the cell. This is close to the random close packed limit ͓42͔.
For the complementary experiments the procedure is the same, except that in this case the particles are simply assembled in the cell under gravity without mechanically imposing any further compaction. The solid fraction is 0 = ͑56Ϯ 1͒%.
During the sample preparation solid contacts between the grains are established and friction forces from the walls on the grains are mobilized, pointing toward the inlet. The preparation stages produce a granular sample with a length L 0 = 18 cm. The grain-free zone around the inlet is about ϳ6 cm and the air-grain boundary facing the inlet is reasonably straight. This interface is referred to as the inner boundary. The cell is then brought into a horizontal position and the Mylar plate used during the preparation is removed, leaving a straight grain-air boundary facing the outlet. We refer to this boundary as the outer boundary.
For the experiments performed with air as the interstitial fluid, control of the humidity of the experimental environment during sample preparations is important. The interactions between ϳ80-m-sized beads are sensitive to the humidity of the surroundings: in very dry conditions, FIG. 1. ͑Color online͒ Experimental setup. A closed channel is made between two glass plates with three impermeable side boundaries and one open ͑right͒. Either air or silicone oil is injected at pressure P i into, respectively, a dry assembly of grains, or grains saturated with the same type of silicone oil. Around the inlet ͑left part of the cell͒ there is a grain-free zone occupied by pure fluid. The region ahead of the grain and fluid and up to the outlet ͑far right͒ is occupied by air at atmospheric pressure for both cases.
electrostatic forces play a role, while under excessively humid conditions, capillary bridges form between neighboring beads, resulting in small but significant cohesive forces. To ensure the reproducibility of these individual interactions, the relative humidity of the air was kept between 30% and 40%.
B. Oil-grain system
For the oil-grain system the same beads and cells are used. An identical sample preparation procedure to obtain the dense packing for the air-grain is applied. But before removing the Mylar plate that blocks the outlet a different final step is performed: imbibition of the granular medium with the silicone oil. Note that, in order to imbibe the medium successfully without trapping air bubbles and to avoid rearrangement of grains leading to large density heterogeneities within the granular matrix, the packing fraction must be near the close packed limit. Hence, only the dense initial packing is obtainable for the oil-grain case.
The granular medium is imbibed with a silicone oil Rhodorsil 47V05 from Rhodia Silicones with a viscosity oil = 5.0ϫ 10 −3 Pa s, as given by the supplier and measured with a Thermo-Haake rheometer. The oil is introduced via the inlet from an oil reservoir at constant overpressure. During imbibition of oil into the granular medium one can observe a propagating imbibition front. ͑Note that the Mylar plug prevents the grains from moving and oil from escaping but is permeable to air.͒ The imbibition front is a straight line, indicating a homogeneous porosity of the dry jammed grains and validating our preparation step. When measuring the velocity of the imbibition front as a function of the applied pressure gradient, one can deduce the permeability of the porous medium ͓12͔. Applying the Carman-Kozeny relation ͓43͔ the solid fraction estimation is 0 ϳ 60%, which agrees with the solid fraction obtained by weighing the grains and measuring the occupied volume of the granular medium. Once the porous medium is completely immersed the pressure is reduced to atmospheric pressure ͑correspond-ing to a zero pressure gradient͒ and the Mylar plug is removed. The initial state consists then of a zone of grains fully immersed in a silicone oil and limited by two welldefined interfaces. The interface between the pure oil and the immersed granular medium facing the inlet is referred to as the inner boundary and the interface between the granular medium and air, facing the outlet, is referred to as the outer boundary. Note that an oil-grain-air interface at the outer boundary is chosen out of reproducibility considerations. This leads to a difference in the boundary conditions by the presence of interfacial surface tension. The oil and the grains are close to density matched; thus, sedimentation can be neglected.
III. EMERGING PATTERNS

A. Typical experiments
Figures 2͑a͒ and 2͑e͒ show images respectively of the air-grain and the oil-grain systems just before injection ͑at t 0 ͒ for cell thickness b = 1.15 mm, at a comparable ϳ60% initial solid fraction. When a ⌬P within the given pressure range is applied at the inlet, no grain motion is detected along the inner boundary at the onset of the fluid flow. Moving grains are first observed on the outer boundary that starts to deform, typically appearing slightly bulged. This decompaction stage is visible in Figs. 2͑b͒ and 2͑f͒. The decompaction process deserves more attention and will be described in depth in the next section. While the outer boundary progresses the total grain-fluid area increases, indicating an average decrease of solid fraction, i.e., the medium is decompacted. During such a process, the friction forces between the grains and the confining plates are decreased, and the grains start to move with the interstitial fluid. After a characteristic time, the grains are mobilized over the entire length of the packing and the inner boundary starts to move. The inner boundary rapidly deforms and departs from the initial straight shape. A finger empty of grains forms in the center of the cell, signaling an unstable penetration mechanism. The shape of this finger is illustrated in Figs. 2͑c͒ and 2͑d͒ for the air-grain system, and in Figs. 2͑g͒ and 2͑h͒ for the oil-grain case. In Figs. 2͑c͒ and 2͑g͒ the finger tip has propagated a distance L 0 / 2, and in Figs. 2͑d͒ and 2͑h͒ a distance L 0 , respectively the half and the full extent of the initial system length. The similar aspect of this finger between the air-grain and the oil-grain systems is visible qualitatively on these images. They are also reminiscent of fingerlike structures observed in many nonNewtonian fluids ͓6-11͔.
This behavior is systematically observed in the oil-grain system, for the probed range of ⌬P ͑from 10 up to 200 mbars͒. On the other hand, for the air-grain system, there is a threshold to exceed for the applied ⌬P in order to set the grains into motion from the jammed state. For ⌬P below this threshold there is no observed deformation of the outer grain-air boundary and no finger propagation: the air permeates through the grains without demobilizing the friction forces. The threshold is dependent on cell thickness b, as shown in Fig. 3 . The threshold is also probed by gradually increasing the fluid overpressure from zero: the gray square markers indicate at which ⌬P the fluidization and the finger patterns first take place during this pressure ramp. A threshold for the oil-grain case is likely, but might be located at a lower ⌬P than our pressure control device allows. A contingent absence is another possibility, and might in that case rely on several factors which are difficult to assess, given the sample preparation procedure. Hypothetically, the presence of an interface with surface tension might pull particles along when the fluid flow is initiated; in addition, lubrication forces and the low level of buoyancy forces might alter the friction conditions between the granular matrix and the confining walls.
Eventually, we notice that the deformation of the outer boundary starts after a short delay after the injection for the air-grain system, whereas no delay is observed for the oilgrain system. This delay has also been observed in experiments performed in larger cells with a similar air-grain system ͓20͔ and has been shown to originate from the finite compressibility of the interstitial fluid. It corresponds to a diffusive propagation of the overpressure through the packing. The characteristic time for this diffusion is L 0 2 / D, where the diffusivity constant is D = 0 / ͑ air C͒. 0 = 5.1ϫ 10 −12 m 2 is the permeability of the granular packing at the initial solid fraction 0 ϳ 62%, and is estimated by the Carman-Kozeny relation ͓43͔. air is the viscosity of the interstitial fluid, and C is the compressibility of the fluid ͓20,26͔. The pressure diffusivity for air is found to be D Ӎ 0.04 m 2 / s, so that for the small cells considered here with L 0 Ӎ 0.18 m, the characteristic time is around 1 s. This delay is observable in the experiments, but is very short with respect to the total duration of the experiment. For the system with grains and oil, the oil's vanishing compressibility makes this time much too small to be observable.
The global dynamic behavior of the dense air-grain and oil-grain systems is significantly different from that of the complementary air-grain experiments with a lower initial solid fraction. No contraction of the granular matrix leading to a compaction front traveling in the fluid flow direction starting from the inner boundary is observed, as in the case of an initially loose packed granular material ͓20͔.
B. Decompaction
During the initial stage, while the outer boundary moves and the inner one stays fixed, we analyze the internal decompaction by applying an image subtraction treatment. This post-treatment will allow us to resolve spatially the structural features of the decompaction process. An image shot before applying the overpressure ⌬P serves as a reference frame. Its pixel gray-level map ͑numbers between 1 and 256, from dark to bright͒ is subtracted from the pixel gray-level values of an image at time t during the fluid injection. The absolute values of these differences form a gray-level map which reflects the particle mobilization relative to the reference image: the mobile zones appear bright, while the immobile zones appear dark. To further increase the contrast between the mobile and immobile zones the resulting image difference is filtered by applying a threshold determined by a local minimum be- FIG. 3 . Threshold pressure for the onset of grain mobilization and finger formation in the air-grain system. The gray squares correspond to the ⌬P at which fingering occurs for experiments where the injection pressure is gradually increased from zero. For the oilgrains system finger formation is observed for all tested ⌬P.
tween the two main peaks in the gray-level histogram of individual images. The image is then binarized by putting all pixels with a value below this threshold to 1 and all pixels with a value exceeding the threshold to 256. The finger structures appear as solid white, but also very small particle displacements can be detected and recognized as white speckles. The decompacted region is identified as a clearly defined zone of high speckle density. To separate the densely speckled region from speckles that originate from, e.g., noise due to small light intensity variations, we check for each speckle the nearest neighbors within a range of ϳ4 ϫ 4 mm 2 . If two or more speckles are contained within this range, the grain area within a spanned rectangle defined with the speckles as the vertices is tagged in gray. Figures 4͑c͒ and 4͑d͒ show the treated images for the two sets of experiments shown in Figs. 4͑a͒ and 4͑b͒.
The decompaction process does not correspond to a homogeneous decrease of the solid fraction over the whole granular material, but to a localized decompaction zone starting from the outer boundary. The decompacted zone is a region of mobile grains carried with the flowing fluid in an area A dec ͑t͒ determined by analysis of the treated images. When the initial packing fraction 0 is known a priori, we estimate the average solid fraction dec ϳ 59% for both of the systems. Hence, the relative decompaction of the air-grain system is slightly larger than for the oil-grain system, with their respective initial packing fractions of 0 ϳ 62% and ϳ60% ͑evident in Fig. 7͒ . As a contrast, in the immobile zone the fluid permeates through grains that stay fixed. A boundary between the immobile and the decompacted zone can thus be distinguished as a decompaction front. The solid friction between the grains and the wall gets demobilized, and the granular medium gets unjammed when the front passes. The decompaction front moves backward, opposite to the average fluid flow, toward the inlet of the channel.
In both the oil-grain and air-grain systems, the mobile zone growing from the outer boundary evolves into fingerlike structures. It is worth noticing that several fingers may form and progress in parallel ͑see Fig. 4͒ . In the air-grain system, as many as four decompaction fingers were observed during the initial stage of injection. The decompaction fingers observed in the oil-grain system are typically wider.
C. Waiting time
The waiting time denoted t w is defined as the time elapsed from the moment when grain motion is first observed at the outer boundary until a propagating finger structure is initiated at the inner boundary. It is the typical time for the decompaction front to move over the whole system length L 0 . Since the decompaction process is a direct result of the drag force exerted on the particles, the fluidization process is expected to occur after shorter t w with increasing ⌬P. This is indeed confirmed in Fig. 5 . On the other hand, there is no clear dependence on the cell thickness b, except for the airgrain system where the experiments performed with b = 2.3 mm distinguish themselves. In this case, the difference might be attributed to the role of gravity and decreased role of friction as one crosses over to a more three-dimensional packing ͑b = 2.3 mmϳ 29 particle diameters͒. This is not an issue in the oil-grain system since we have an isodense suspension.
By recognizing two zones with distinguishable solid fractions, we construct a simple analytical model for the waiting time, mainly based on mass conservation. For simplicity, we consider a one-dimensional model in the sense that the decompaction front is flat and uniform over the cell width, and perpendicular to the sidewalls ͑see Fig. 6͒ . With the inner boundary defined as X = 0, the initial condition is X g ͑t =0͒ = X dec ͑t =0͒ = L 0 . Here X g is the position of the outer boundary, X dec is the position of the decompaction front, and L 0 is the initial length of the packing. The length of the decompaction zone at a time t is l dec ͑t͒ = X g ͑t͒ − X dec ͑t͒. At an arbitrary time t, conservation of mass and grains gives
Conservation of grain flux links the velocity of the outer boundary V g = dX g / dt, and the velocity of the decompaction front
͑2͒
For the oil-grain case, the fluid velocity into the decompacted region equals the velocity of the outer boundary, and the Darcy law gives
P i − P dec is the pressure drop over the nondecompacted material, which acts as a fixed porous material with a CarmanKozeny permeability 0 ͑ 0 ͒. P i is the injection pressure, and P dec is the pressure at the front positioned at X dec . Similarly, over the decompacted region Darcy's relation gives
Here the grains and the fluid are considered as an effective fluid with a viscosity paste , and the permeability is given by the confining space of the Hele-Shaw cell as HS ͑b͒ = b 2 / 12. We introduce "paste" as a common nomenclature for both the air-grain and the oil-grain systems, referring to the granular material and the fluid flowing together.
The above flux conservation consideration is valid only if the fluid velocity is comparable to the velocity of the outer boundary. For the oil-grain system the fluid-air interface adjacent to the outlet is visually accessible, and the fluid flux is measurable. The velocity of the outer grain boundary, V g , is the same as the oil velocity V oil . Since the fluid is not visually traceable and flux measurements not made available for the air-grain case, we estimate the fluid seepage velocity relative to the grains, V flux , using the Darcy relation. At the instant just before forming a finger, the granular medium is decompacted over the whole system length. The CarmanKozeny permeability is ͑ dec =59%͒ = 7.0ϫ 10 −12 m 2 , and V g is typically from 0.5 to 20 cm s 
the proposed model seems reasonable to use also for the air-grain system. Combining Eqs. ͑3͒ and ͑4͒, we obtain
From Eq. ͑1͒ we have l dec = 0 / dec ͑L 0 − X dec ͒, and by performing a substitution of V g using Eq. ͑2͒, Eq. ͑6͒ yields
where c = dec / 0 . By using V dec = dX dec / dt and integrating with the boundary conditions t =0, X d = L 0 , and t = t w , X dec = 0, we obtain the time t w for the decompaction front to travel the length of the granular packing. In the framework of this model, the waiting time becomes 
where ٌP = ⌬P / X g ͑t͒ is the pressure gradient over the length of the granular packing X g ͑t = t w ͒. V g and ٌP are measured independently for each experiment at the instant t = t w , which is just on the verge of finger propagation, when the packing has been decompacted over the whole length L 0 . The paste mobility at t w is roughly 1.3ϫ 10 −6 m 2 Pa −1 s −1 for the air- grain system, and 2.8ϫ 10 −9 m 2 Pa −1 s −1 for the oil-grain system.
The modeled waiting time scaled by the respective fluid viscosity is given in Fig. 5 . Given the one-dimensional model, which represents a significant simplification of the observed decompaction front, and other simplifications like the assumed Darcy law for the mobile paste across the cell, the model compares favorably with the experiments. The 1 / ⌬P relation of modeled waiting time fits with the experimental data for the higher applied overpressures, while slightly deviating at lower pressures.
IV. "EMPTY" FINGER PROPAGATION
It is evident that the decompaction process prepares the medium for further channeling. The subsequent fingerlike structure empty of grains progresses preferentially in the zone that has been decompacted during the passage of the decompaction front. In this section we focus on the flow properties of the granular material and the finger structures developing after the unjamming process.
A. Image analysis and definition of the measured quantities
In order to quantitatively compare the two systems we identify the measurements of interest, as given in Fig. 8 . Great effort has been put into numerically processing the subsequent images as closely as possible, so as to extract time-dependent quantities that can be compared.
The driving force of the grain motion is the pressure gradient ٌ͉P͉. It can be estimated as the pressure difference over the extent of the paste, ⌬P / l͑t͒, where l͑t͒ = X g ͑t͒ − X f ͑t͒ is the length of the paste ahead of the most advanced point of the finger. X f is the linear extent of the finger, and X g is the position of the outer air-grain boundary. ⌬P is considered constant within the finger empty of grains. Due to a very high permeability contrast with that of the confined paste, the entire pressure drop is over the paste.
We take advantage of the mobility to characterize and quantify the coupled fluid-grain flow. In the same spirit as the definition of the paste mobility during the decompaction stage given in Eq. ͑9͒, the mobility during finger propagation is
We adapt a common practice among similar studies and determine the mobility by measuring the velocity of the paste pushed ahead of the propagating finger as
where A f ͑t͒ is the area of the finger structure, and W is the cell width. This definition of V paste comes from mass conservation and is effectively the same as V f , where V f is the finger tip velocity, and = w f / W with w f as the average finger width. Note that, even though we are dealing with a miscible two-phase system, Eqs. ͑10͒ and ͑11͒ assume that ٌP is entirely driving the finger propagation, and seepage is negligible during this stage. We compare the typical velocities of the fluid flux into the pore space of the granular matrix V flux , and the finger tip velocity V f . The permeability is between 5.1 and 7.0ϫ 10 −12 m 2 , and V f is typically 20-50 cm s −1 for the air-grain and 0.1-2 cm s −1 for the oilgrain system. Within the probed range of pressures, we find the fraction
to be less than 10% for the air-grain and less than 1% for the oil-grain system. This suggests that the velocity of the fluid flow on the pore scale is negligible compared to the finger velocity, but comparable to the grain velocity during finger propagation. ٌP is thus mainly driving the finger and thus the paste, rather than contributing to seepage. This validates the use of Eqs. ͑10͒ and ͑11͒.
As the patterns are relatively complex, we choose the definition for the individual finger width w i =2A / s, where A is the area occupied by the finger empty of grains divided by half of the perimeter s. We always consider the finger only over a distance of 6 cm ͑corresponding to the cell width W͒ measured from the finger tip. This approach of measuring the finger width corresponds to considering a single branched structure.
B. Flow properties
When the emptied finger propagates through the higherpermeability path prepared during the decompaction stage, the granular material is pushed in front of the finger tip. We use the mobility to characterize the flow properties and show to what extent the material is mobilized as a function of the applied overpressure ⌬P and the cell thickness b.
Surprisingly, we find that, unlike flow of viscous fluids in Hele-Shaw cells and flow in porous media, the mobility is observed to be increasing during finger propagation, for a given experiment at constant ⌬P. The mobility is thus represented as a function of this finger tip position X f , for a given b, and varying ⌬P, as in Figs. 9͑a͒ and 9͑b͒ .
The almost linearly increasing mobility observed for the air-grain system as well as for the oil-grain system, implies that the granular material is increasingly fluidized and flows more easily during the course of the experiment. We cannot at the moment precisely account for the evolution of the mobility, and despite the strong similarities observed in the two systems, this phenomenon might originate from different mechanisms.
For the air-grain case, the evolving mobility might be attributed to the continuous decompaction of the granular ma- terial during finger propagation, as shown in Fig. 10 . The solid fraction of decompacted material versus the initial fraction seems to be independent of the applied ⌬P. Note that in some cases it is not possible to reliably estimate the compaction index during finger propagation for the air-grain system. For experiments performed with a large cell thickness b and a low ⌬P, particles tend not to be as effectively transported along with the air flow within the finger. In this case, grains sediment on the bottom plate inside the finger in layers a few particle diameters deep. The depth of these layers is expected to be some function of ⌬P, but this piece of information is not accessible for these experiments. For the results shown in Fig. 10 for b = 1.15 mm, only experiments where the fingers are completely empty of grains are included. For the oilgrain case, since it is an isodense suspension, such gravity effects are not an issue.
The fact that change in the initial packing density strongly alters the behavior of the mobility is a piece of evidence supporting a relation between the increasing mobility and an overall decreasing compaction by fluidization during the finger growth. At ϳ62% initial packing fraction, the granular material is far beyond the jamming transition. It takes time to reach a completely unjammed state. If, however, the granular material is already initially close to the jamming transition, as for the samples produced for the air-grain case with a packing fraction ϳ56%, the paste flows readily as an effective fluid. The mobility is roughly constant during the progression of the finger ͓see insets in Figs. 9͑a͒ and 9͑c͔͒ .
The decompaction during finger propagation is rather modest for the oil-grain experiments, and mainly localized around finger tip positions X f Ͻ 1 cm ͓see Fig. 10͑a͔͒ . This suggests that the decompaction alone cannot explain the increasing mobility. In this case, lubrication effects due to restructuring in terms of particle migration ͓44͔ toward the center of the cell gap might be an important factor.
For both systems, the mobilities are found to be independent of the applied ⌬P. Hence, we average over all the experimental runs with variable ⌬P, for the various cell thick- Figs. 9͑c͒ and 9͑d͒ , displaying, respectively, the air-grain and oil-grain experiments. We find that the mobilities compare favorably-they are roughly of the same order of magnitude for the two systems. For both air-grain and oil-grain experiments, there is a noticeable effect on the mobility from varying b. There is a tendency of a higher mobilization rate for larger b, given the increasing slopes from small to large b. During finger propagation the mobilities seem to saturate, indicating that there might be a transition to a steady state of the paste flow, characterized by a constant mobility at a given b. The experiments performed at an initially lower packing fraction and close to the jamming transition indeed show the existence of such a state ͓see inset in Fig. 9͑c͔͒ . To further investigate the transition from a regime where the mobility is evolving with the finger tip position to a stationary flow regime, a longer sample would be required.
For the air-grain system, the overall higher mobility for increasing cell thickness b might be attributed to less effective friction between the fluidized granular material and its confining walls as b is made larger, by considering friction mobilization in terms of a Janssen type of stress distribution ͓45͔. If indeed lubrication is a key component in explaining the positively evolving mobility, the friction argument fails for the oil-grain situation.
We know from other Hele-Shaw types of studies involving viscous fluids that the mobility behaves as a quadratic function of the cell thickness b. For flow through a porous medium the mobility is independent of b. Given the geometry and aspect ratio of our experiments, we are not able to distinguish a coherent relation with respect to this parameter.
C. Finger widths
By direct visual comparison, the propagating fingers are found to appear wider for the air-grain system. Tip splitting is more evident for the oil-grain experiments, and common for smaller cell thickness. Typical finger structures are shown in the left column in Fig. 11 .
We characterize the observed patterns in terms of the individual finger width w i as defined in Sec. IV A. For all the probed ⌬P and cell thicknesses b, there is a weak linear increase of the individual finger width as function of the finger tip position, for both the air-grain and the oil-grain systems. We use this feature to obtain an average individual finger width. For a given ⌬P and b, the averaging is performed for finger widths corresponding to finger tip positions within the interval 8 Ͻ X f Ͻ 17 cm.
A striking difference is observed when applying the two different fluids: for the air-grain case the finger width is a slightly increasing function of ⌬P, as shown in Fig. 11͑b͒ . In this case, the width is nonsensitive to variation of the cell thickness b. On the contrary, for the oil-grain system, the finger width is observed to be independent of ⌬P and thus independent of the finger velocity. However, for the oil-grain system the finger width is a function of b ͓see Fig. 11͑d͔͒ . Thus, the main parameter defining the finger width is the applied overpressure ⌬P for the air-grain case, whereas for the oil-grain situation the cell thickness b selects the finger width.
V. CONCLUSION
We have presented an experimental study of two cases concerning fluid injection into a granular medium saturated by the same fluid as the injected phase. The two systems have been described phenomenologically and quantitatively within the parameter space of the applied fluid overpressure ⌬P and the thickness of the granular phase b.
The basic mechanism of fluidization is the same for the two cases. Since the granular packing is in a dense initial state, close to the random close packed configuration, the system is completely jammed. In order to transport grains, the packing must first dilate. Dilation is observed starting at the outer boundary facing the outlet. This dilation is referred to in terms of decompaction in the sense that we are able to distinguish a zone with ϳ3% decrease in solid fraction compared to the initial one. This decompaction zone evolves in time, propagating in the opposite direction of the effective fluid flow. During the passing of the decompaction front the granular packing is successively unjammed. In this way, the decompaction prepares the system for a very effective fluid and grain transport. When the decompaction front has reached the inner boundary, a localized zone characterized by a higher permeability connects the inlet side directly to the outlet side of the packing. Within this zone the particles are effectively transported along with the fluid, giving room for a fingerlike pattern emptied of grains to propagate through the decompacted medium.
Information on the unjamming decompaction process is retrieved by using an image subtraction technique, from which the temporal evolution of the decompaction area is found. The area measurements provide information on the average solid fraction of the decompacted region, which can be exploited to model the observed waiting time. The waiting time is the time it takes for the decompaction front to travel over the whole system length-hence representing the duration for localized unjamming to occur over the entire length of the granular packing. The modeled waiting time compares favorably to both the respective experimental data sets. The waiting time found experimentally for the two systems compares very well when scaled with their fluid viscosity.
The emerging fingerlike patterns following the unjamming process of the granular phase are quite similar between the two systems. Geometrically, these fingers are quantified through their width. In both systems a slight widening of the fingers is observed during finger propagation. A striking difference on the finger width is observed as a result of injection of two different fluids. When the injection is made with air, the finger width is increasing as a function of ⌬P, but does not respond to varying the cell thickness b. However, when oil is injected into the oil-grain system the finger width is no longer a function of ⌬P but increases instead with b. Furthermore, the fingers are typically wider in the air-grain case.
The fluidization process during finger propagation is described in terms of the mobility. Contrary to the constant mobilities measured in Hele-Shaw systems with strong analogies with the present study, i.e., two-fluid viscous fingering or fluid flow in fixed porous media, the mobility is increasing during finger propagation. This is the signature of a continuously more effective particle transport that might be attributed to a decreasing solid fraction during finger propagation, and perhaps also migration of the suspended particles toward the center of the cell gap in the oil-grain case. The mobilities of the two systems are of the same magnitude when scaled with respect to the fluid viscosity. For both systems the mobility of the flowing fluid-grain mixture is an increasing function of the cell thickness.
Evidently, experiments performed ͑air-grain system͒ at different initial packing fractions manifests the initial packing fraction as a crucial parameter for the overall dynamic behavior of the system. An initially loose granular matrix flows more like an effective fluid through the entire course of the experiment, recognized by a constant mobility during finger propagation. Prospected studies with a longer linear cell might reveal a transition from a regime characterized by an evolving mobility to such a stationary regime for the initially denser system.
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